A coarse-grained molecular model, which consists of a spherical particle and an orientation vector, is proposed to simulate lipid membrane on a large length scale. The solvent is implicitly represented by an effective attractive interaction between particles. A bilayer structure is formed by orientationdependent (tilt and bending) potentials. In this model, the membrane properties (bending rigidity, line tension of membrane edge, area compression modulus, lateral diffusion coefficient, and flip-flop rate) can be varied over broad ranges. The stability of the bilayer membrane is investigated via droplet-vesicle transition. The rupture of the bilayer and worm-like micelle formation can be induced by an increase in the spontaneous curvature of the monolayer membrane.
I. INTRODUCTION
Amphiphilic molecules, such as lipids and detergents, self-assemble into various structures depending on the relative size of their hydrophilic parts: spherical or worm-like micelles, bilayer membranes, inverted hexagonal structures, and inverted micelles. Among these structures, the bilayer membrane of phospholipids has been intensively investigated, since it is the basic structure of the plasma membrane and the intracellular compartments of living cells, where the membranes are in a fluid phase and lipid molecules can diffuse in quasi-two-dimensional space. A vesicle (closed membrane) is considered to be a simple model of cells and it has applications in drugdelivery systems as a drug carrier.
Bilayer membranes exhibit many interesting phenomena such as shape deformation induced by phase separation or chemical reaction, membrane fusion, and membrane fission. The length scale of these phenomena varies from nm to µm, since cells are ∼ 10µm in diameter, whereas the thickness of a biomembrane is 5nm. To investigate the morphologies of cells and vesicles, the molecular structure is assumed to be negligible, and the bilayer membrane is described as a smoothly-curved mathematical surface [1] [2] [3] . The information about the bilayer properties is only reflected in the values of the elastic parameters. To simulate the membrane with thermal fluctuations, a triangulated surface is widely used 4, 5 . An alternative model is a meshless membrane [6] [7] [8] [9] [10] [11] [12] [13] , where particles self-assemble into a membrane by anisotripic potential interactions. These models can reproduce µm-scale dynamics of the bilayer membrane well but cannot treat a non-bilayer structure such as the stalk structure of a membrane fusion intermediate 14, 15 . To simulate molecular-scale dynamics and the nonbilayer structure, a molecular model is required. Although computer technology has grown rapidly, the typical scale for recent simulations of the all-atom models is only 100 ns dynamics of hundreds of lipid molecules. To simulate the membranes on longer and larger scales, various coarse-grained molecular models have been proposed (see review articles [16] [17] [18] [19] [20] . Recently, the potential parameters in some of the coarse-grained molecular models are tuned by atomistic simulations [21] [22] [23] [24] [25] . In mapping of interaction parameters, one coarse-grained particle typically represents three or four heavy atoms and their accompanying hydrogen atoms. To further reduce the computational costs, larger segments (three or more segment particles per amphiphilic molecule) are employed, and the solvent is implicitly represented by an effective attractive potential between the hydrophobic segments 19, [26] [27] [28] [29] [30] . Model parameters are chosen to generate a bilayer membrane with reasonably realistic values of elastic properties. In this scale, it is difficult to take into account chemical details of lipids, such as an unsaturated bond in hydrocarbon chains. Instead, this type of models can be advantageous to capture the general features in the bilayer membrane, since the simplicity of the model can allow for wide ranges of variation of the membrane properties.
In this paper, we propose a solvent-free molecular model to pursue two purposes: (1) to represent the amphiphilic molecule in a size as small as possible and (2) to allow the variation in the membrane properties for wide ranges. A molecule consisting of many particles has a higher resolution than that with less particles but requires a smaller length unit and time step for simulations. Here, we consider a molecule that consists of a spherical particle and an orientation vector. It can reduce computational costs to simulate many molecules. In previous solvent-free models 19, [25] [26] [27] [28] [29] [30] , the membrane properties are varied only in narrow ranges. On the other hand, in one of the meshless membrane models, the bending rigidity and the line tension of the membrane edge can be independently varied over wide ranges 7 . This allows the conditions of vesicle formation and rupture to be controlled 8 . In addition, it is easy to compare the simulation results with theoretical predictions. Such tuning capability is desired for molecular models.
In Sec. II, the lipid model and the simulation method are described. In Sec. III, the results and discussion are provided. The formation of a membrane and its stability for droplet-vesicle transitions are described in Sec. III A. In Sec. III B and III C, the calculation methods and the dependence of the static and dynamic properties on model parameters are described, respectively. The summary is given in Sec. IV.
II. MODEL AND METHOD

A. Molecular model
In solvent-free lipid models, an amphiphilic molecule is typically represented by three or more particles 19 . Here, we consider a lipid molecule with minimum (5) degrees of freedom for solvent-free molecular simulations. Each (i-th) molecule has a spherical particle with an orientation vector u i , which represents a direction from the hydrophobic to the hydrophilic part. There are two points of interaction in the molecule: the center of a sphere r 
where r i,j = r i − r j , r i,j = |r i,j |,r i,j = r i,j /r i,j , and k B T is the thermal energy. The molecules have an excluded volume with a diameter σ via the repulsive potential,
with a cutoff at r = 2.4σ. The second term in Eq. (1) represents the attractive interaction between the molecules. A multibody attractive potential U att (ρ i ) is employed to mimic the "hydrophobic" interaction. This potential allows the formation of the fluid membrane over wide parameter ranges and fast lateral diffusion. Similar potentials have been applied in the previous membrane models 7, 26, 30 and a coarse-grained protein model 31 . The potential U att (ρ i ) is given by
where C = 0.25 ln{1 + exp(4ρ * )} ≃ ρ * is chosen such that U att (0) = 0. The local particle density ρ i is approximately the number of particles r s i in the sphere whose radius is r att .
where
with n = 6, A = ln(2){(r cut /r att ) n − 1}, r att = 1.9σ (f cut (r att ) = 0.5), and the cutoff radius r cut = 2.4σ (see Fig. 1 ). The potential U att (ρ i ) acts as a pairwise at- 
with n = 4, r ga = 1.5σ, and r cc = 3σ (see Fig. 1 ). All orders of derivatives of f cut (r) and w mls (r) are continuous at the cutoff radii. The weight is a function of r e ij (not r s ij ) to avoid the interaction between the molecules in the opposite monolayers of the bilayer. The average distance between the neighboring molecules in the same monolayer isr nb ≃ 1.05σ, and the distance to the neighboring molecule in the other monolayer is r e ij ≃ 3σ (see Fig. 2(a) ). Thus, these two potentials act between the neighboring molecules in the same monolayer but not between the monolayers. The tilt potential has the energy minimum in a completely flat membrane with no tilt deformation. Similar tilt potentials have been used in the meshless membrane models 6,9-13 . The same type of bending potential [the fourth term in Eq. (1)] was previously used to control the bending rigidity and the spontaneous curvature of the monolayer in the molecular simulations 27, 30 . Positive spontaneous curvature indicates that the hydrophilic head is larger than the hydrophobic tail of amphiphilic molecules. The bending rigidity is numerically calculated and compared with the estimation from the continuous description of the membrane in Sec. III C. 
B. Brownian dynamics
We simulated the membrane in the N V T ensemble (constant number of molecules N , volume V , and temperature T ) with periodic boundary conditions in a box with side length L x , L y , and L z . We employed Brownian dynamics (molecular dynamics with Langevin thermostat). The motions of the center of the mass r 
m dv
where m and I are the mass and the moment of inertia of the molecule, respectively. The forces are given by f 
, where α 1 , α 2 ∈ {x, y, z} and β 1 , β 2 ∈ {G, r}. The Langevin equations are integrated by the leapfrog algorithm 34 with
Then, the positions are updated by
We employed m = 1, I = 1, ζ G = 1, ζ r = 1, k B T = 1, ∆t = 0.005, and the total number of the molecules N = 300 to 8192. The results are displayed with the length unit σ, the energy unit k B T , and the time unit
The error bars of the data are estimated from the standard deviations of three to six independent runs.
III. RESULTS AND DISCUSSION
A. Self-assembly and membrane stability Molecules self-assemble into spherical droplets at k bend = k tilt = 0, i.e., when only the first two terms in Eq. (1) are taken into account. When the third term (the tilt potential) is added, the molecules can spontaneously form vesicles. Figure 3 shows the self-assembly of molecules from a random gas state. First, small clusters are formed; these clusters merge into disk-like micelles. Then, a large disk closes into a vesicle through a bowl-like shape (see Fig. 3(c) ). Similar self-assembly processes have been observed in the previous simulations of molecular 26 and meshless 8 models. In order to clarify the stability of three-dimensional aggregates and bilayer membranes, the morphologies of the aggregates are investigated as k tilt gradually increases or decreases. As k tilt increases, a spherical liquid droplet transforms into a bilayer vesicle. At the transition point (k tilt = 4), the radius of gyration R g exhibits an abrupt increase as shown in Fig. 4 . As k tilt decreases, the transition from a vesicle to a droplet occurs, however, the transition point (k tilt = 0.5) is much lower. Thus, a typical hysteresis for the first-order transition is observed. The rate of increase or decrease is sufficiently low (k tilt = 0.0005t/τ 0 ). We checked that the deviation of the transition points by the annealing rates is very small; ∆k tilt = 0.1 between k tilt = 0.000125t/τ 0 FIG. 5: (Color online) Formation of vesicles from a droplet at N = 4000, ε = 2, ρ * = 14, k bend = 8, and C bd = 0. The tilt coefficient k tilt is gradually increased as k tilt = 0.0005t/τ0. Sliced snapshots are shown at (a) t/τ0 = 12500 (k tilt = 6.25), (b) t/τ0 = 13600, (c) t/τ0 = 13700, (d) t/τ0 = 14000, and (e) t/τ0 = 14500 (k tilt = 7.25). All molecules are also shown for t/τ0 = 13700 in (c').
and k tilt = 0.001t/τ 0 with N = 500, ε = 2, ρ * = 14, k bend = k tilt , and C bd = 0. The transition points are not sensitive to the path of k bend (k tilt ), since the difference of the results for k bend = k tilt and constant k bend is smaller than their statistical errors.
For large aggregates with N = 4000, two vesicles or a vesicle with disks are formed instead of a single vesicle. Figure 5 shows an example of the formation of two vesicles. A void space is opened in the droplet, and a bilayer skirt is formed. Then, it is separated into two parts and forms two vesicles. If the separated membrane is small, a disk is formed. Since the larger droplets can have a clearer molecular layer on the surface, which prevents the shape change, higher k tilt is needed to trigger the shape transition [see Fig. 6(a) ]. At N = 300, the coexistence region of the droplets and the vesicles is narrow, since the number of the molecules is not sufficient to form the surface and inside layers. The points of the dropletbilayer transition are also dependent on C bd , while they are almost independent of ε and ρ * . Thus, the bilayer stability is determined by the tilt and bending potentials but not by the attractive potential.
Let us discuss the condition required to form a stable bilayer. When all molecules have the same orientation u i = u j , the bending potential energy becomes zero at C bd = 0. Thus, the bending potential with C bd = 0 can have the minimum energy for any structure of the aggregate. Therefore, the spherical liquid droplet, which has the minimum surface area, would be the equilibrium state at k tilt = 0 instead of the bilayer. However, large vesicles with N ≥ 1000 and planar membranes can maintain their bilayer structure as a metastable state even at k tilt = 0 with finite k bend . Note that the capability to keep a pre-formed bilayer membrane does not guarantee the self-assembly to the bilayer. In particular, the periodic boundary condition is a strong constraint, which can keep the bilayer membrane as a thin liquid layer even at k tilt = k bend = 0. In order to obtain the spontaneous formation of the bilayer membrane, k tilt > 2 is required.
B. Calculation of membrane properties
To investigate the membrane properties, we formed a nearly planar membrane without edges or pores. The membrane area and the surface tension are varied by increasing or decreasing the projected area A xy = L x L y , where L x = L y . The membrane has a clear bilayer structure (see Fig. 2 ). The intrinsic area of the tensionless membrane per molecule a 0 = 2A 0 /N σ 2 , the area compression modulus K A , and the half lifetime τ ff of the flipflop motion are calculated from the flat membranes with N = 512. The bending rigidity κ and the diffusion coef- The surface tension γ is given by
with the diagonal components of the pressure tensor
where α ∈ {x, y, z}. When the potential interaction crosses the periodic boundary, the periodic image α i + nL α nearest to the other interacting molecules is employed. The intrinsic area A of the membrane is larger than the projected area A xy in the xy-plane due to the Figure 7 shows the area dependence on the surface tension γ. The tension γ exhibits a roughly linear increase with the molecular area at γ 0. The compressed membrane with γ < 0 buckles out of plane and has the larger intrinsic area A than the projected area A xy . Similar γ dependence and buckling are obtained in the simulations of other molecular models 29, 36 and meshless models 7, 10 . The area A 0 of the tensionless membrane (γ = 0) is obtained by the minimization of γ, where the projected area is updated as A new xy = A xy − bγ∆t γ every ∆t γ interval, whereγ is the time average for ∆t γ . We use bτ 0 = 0.00025 to 0.005 and ∆t γ /τ 0 = 50 or 100. The area compression modulus K A is defined as
We calculate K A from the slope of a-γ lines shown in Fig.  7(b) . The bending rigidity κ is calculated from the spectra of undulation modes |h(q)| 2 of the planar membranes in Fourier space 1, 37, 38 , Figure 8 clearly shows the q −4 dependence of the tensionless membrane. We calculate |h(q)| 2 from the raw data (the particle position r s i ), as well as from the square mesh with the same mesh-points which were used for the estimation of the intrinsic area A. Averaging over the mesh removes most of the effects of the molecular protrusions. The bending rigidity κ is estimated from a fit of 1/ |h(q)| 2 = (κ/k B T )(q 2 ) 2 for (q/π) 2 < 0.015, where the difference of two spectra is very small (see the inset of Fig. 8 ).
The line tension Γ of the membrane edge is calculated from the strip of the flat membrane as 39,40
since Γ is the energy per unit length of the membrane edge, and the length of the membrane edge is 2L x . Since the striped membrane is tensionless, P yy = P zz ≃ 0 for solvent-free simulations. The tension Γ and its error bar are estimated from the average and standard deviations for L x /σ = 14, 15, 16, and 18. Alternatively, Γ can be also calculated from a circular pore on the flat membrane 7, 39 . In this case, Γ is balanced with the surface tension γ as Γ = γr p0 . Since one has to estimate the pore radius r p0 , this method gives larger statistical errors as shown in Fig. 9 . Therefore, we used the membrane strip for the calculation of Γ.
In bilayer membranes, molecules can move laterally on a monolayer and transversely between upper and lower monolayers. The lateral diffusion coefficient D of the molecules is calculated from the diffusion of the molecular projections in the xy plane;
2 /4t. In the fluid phase, the molecules exhibit a fast diffusion rate D/D 0 = 0.05 to 0.1.
The relaxation time of the transverse motion (flip-flop) between the upper and lower monolayers is measured from the relaxation of the labeled molecules 26, 41 . The differential equation of the probability P up (t) (P down (t)) of the molecules, which belong to the upper (lower) monolayer, is given by dP up /dt = −k u P up + k d P down , where P up + P down = 1. For planar membranes, k u = k d , and P up = P down = 1/2 at t → ∞. When the molecules in the upper monolayer are initially labeled (P up (0) = 1), the probability decays as
with the half lifetime τ ff = ln(2)/(k u + k d ). Figure 10 shows that P up (t) − P down (t) indeed follows the exponential decay in our simulations. Either the z component of the position r e i or orientation u i can be used to detect the nomolayer, to which a molecule belongs. Both r e i and u i give the same probability distribution (entirely same for most of the parameters), since both the quantities have a clear minimum between two peaks (see Fig. 2 ). Figures 11-18 show the parameter dependence of the properties of the tensionless membrane. The bilayer membrane is formed in the fluid phase over broad ranges of the parameters due to the multibody attractive potential. A gel phase is obtained only at a large value of ρ * in Eq. (3). The fluid-gel transition occurs at ρ * = 16 and ρ * = 15 for ε = 2 and 8, respectively [see jumps of D in Fig. 11(e) ]. As ρ * decreases, the lateral diffusion and flipflop motion become faster, and the membrane elasticities brane and set ρ * = 14, hereafter.
C. Parameter dependence of membrane properties
The dependence on the strength of attraction ε in Eq. (1) is shown in Fig. 12 . It has a tendency similar to ρ * dependence. The line tension Γ can be varied by ε. At ε = 1, Γ is close to k B T /σ and the bilayer membrane is accompanied by free molecules (gas) with the average density of the gas ∼ 0.001/σ 3 . The molecules depart from the bilayer membrane and return. At ε = 0.75 with k bend = k tilt = 4 and C bd = 0, the bilayer membrane breaks and small micelles are formed (≃ 60 molecules per micelle for N/V = 0.08/σ 3 ). On the other hand, no free molecules are seen at ε ≥ 2. The critical micelle concentration (CMC) of lipids is very low, and their chemical potential difference in solution and in membrane is typically more than 10k B T per lipid 42 . Thus, the number of lipid molecules on vesicles is conserved in typical experiments. In order to keep the number of molecules on membrane constant during simulations, a sufficiently low CMC is required. We mainly use ε = 2 and 8, where the fluid membranes without free molecules are obtained.
The bending rigidity κ of the bilayer membrane can be controlled by k tilt or k bend . in Eq. (1). Figures  13(a) and (b) show the linear dependence of κ on k tilt and k bend , respectively. When they are plotted together for k tilt + k bend , all lines are roughly overlapped on a line κ/k B T = 2(k tilt + k bend ) + 6 [see Fig. 13(c)] . A large deviation from the line is seen only at one data point at k tilt = 0 and k bend = 8 (the leftmost triangle), where the bilayer structure is metastable. The bending rigidity κ is also weakly dependent on ε. The κ-ε curve maintains its shape and shifts upward with increasing k tilt as shown in Fig. 12(c) . Thus, it is expressed by κ/k B T = 2(k tilt + k bend ) + b ε (ε), where b ε (ε) is an increasing function as b ε (2) = 6, b ε (4) = 14, and b ε (8) = 18. The area compression modulus K A increases with increasing k tilt , while K A shows only slight dependence on k bend for large k tilt (see Figs. 14 and 15) . The other membrane properties a, Γ, and D show weak de- pendence on k tilt and k bend . Thus, κ can be varied by k tilt or k bend without a large variation in Γ. The modulus K A can be varied by k tilt .
The bending elastisity generated by the orientationdependent potentials can be derived from the Helfrich theory for monolayer membranes. When the orientation vectors u i are equal to the normal vectors of the monolayers without tilt deformation, the bending and tilt energies are written by 
in the continuum limit, where C 1 and C 2 are two principal curvatures of the monolayer. The first and second terms in Eq. (19) are the contributions of the bending and tilt potentials, respectively. The spontaneous curvature of the bending potential is given by C ′ 0 = C bd /r nb .
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The nearest-neighbor distancer nb ≃ 1.05σ is obtained from the radial distribution function. By assuming the hexagonal packing of the molecules in the monolayers, the monolayer bending rigidities generated by the bending and tilt potentials are estimated as κ
, respectively. The bending rigidity of the monolayer is given by the sum of these κ mono = κ The flip-flop time τ ff shows exponential dependence on the parameters of the tilt and bending potentials, while it has weak dependence on ε (see Fig. 18 ). The free-energy barrier between two monolayers would be the main factor to determine τ ff . It can be roughly estimated from the probability distribution of the molecular orientation as linear with the orientation-dependent potentials, while it is almost independent of the attractive potentials. The flip-flop rate can be tuned by k tilt or k bend . In typical experimental conditions, the flip-flop motion of phospholipids is very slow, and τ ff is several hours or days 41 . At a sufficiently high k tilt or k bend , no flip-flop occurs in typical simulation time scales. This result agrees with the experimental observations. On the other hand, at small k tilt and k bend , the molecule shows very fast flipflop, which is advantageous to equilibrate the membrane system quickly during simulations. In the present model, one can choose slow or fast flip-flop condition to match one's simulation purpose.
The spontaneous curvature of the monolayer is varied by the parameter C bd . According to the above continuous theory, C 0 = {k bend /σ(k bend + k tilt )}C bd . At high spontaneous curvature C 0 ∼ 1/σ, a worm-like micelle is stabilized. As C bd increases, the line tension Γ decreases, and the bilayer structure becomes unstable at Γ ∼ k B T /σ. The C bd -Γ curves in Fig. 16 have a parabolic shape with a maximum at C bd ∼ −0.1. The bending rigidity κ and the flip-flop time τ ff increase with C bd , while a 0 , K A , and D do not depend significantly on C bd [see Figs. 17 and 18(b)]. At negative C 0 , the molecules easily stay at the middle of the bilayer structure (low F ff ), and the less clear bilayer would generate lower κ.
Membrane rupture is observed when C bd is increased. Figure 19 shows the rupture process of a vesicle at C bd = 0.85. The initial vesicle is metastable and maintains its shape for 500τ 0 . Then, a pore opens and grows to cracks [see Fig. 19(b) ]. Finally, a branched worm-like micelle is formed [see Fig. 19(c)] . Thus, the line tension and the stable structure can be varied by C bd .
IV. SUMMARY
We have proposed a simple molecular model of bilayer membranes. The molecule has five degrees of freedom, three translational degrees and two orientational degrees. Since this molecular model consists of one spherical par-ticle for the excluded volume, it is smaller than previous molecular models. Thus, this model is more efficient for large-scale simulations. Despite the extreme simplification, this model reproduces many aspects of lipid bilayer membranes.
In the present model, the properties of the fluid membranes can be controlled in broad ranges including metastable bilayer membranes. The bending rigidity κ is linearly dependent on k tilt and k bend . The line tension Γ of the membrane edge can be varied by ε and C bd . The membrane has a wide range of fluid phase, and the fluidgel transition point can be controlled by ρ * . The area compression modulus K A can be varied by k tilt . The flip-flop time τ ff can be varied by k tilt and k bend .
The corresponding time and length scales can be mapped by the membrane thickness 5nm and the lateral diffusion coefficient ∼ 10 −8 cm 2 /s for phospholipids 43 . Thus, the unit length and times are estimated as σ = 2 nm and τ 0 ∼ 0.1µs, respectively.
Our model is suitable to study the details of topological-change processes of the membrane, such as molecular self-assembly, pore formation, membrane fusion, and membrane fission. Although meshless membrane models can also be used, they cannot treat detailed structures such as the fusion intermediates 14, 15 . Recently, fusion dynamics have been investigated by molecular simulations [44] [45] [46] [47] [48] [49] [50] [51] . However, the condition to determine the fusion pathways has not be clarified so far.
The ability to vary the membrane properties in wide ranges would be an advantage of this model for quantitative investigation of the membrane fusion pathways. On the other hand, this model is not suitable for application to phenomena, in which the stretching of hydrophobic chains or atomistic details play an important role, e.g., in the interactions of membrane proteins via hydrophibic mismatch, where molecular stretching is not negligible [52] [53] [54] [55] . In this paper, we used Brownian dynamics but one can also use the Monte Carlo method and molecular dynamics with another thermostat. When the solvent-free molecular model is combined with a particle-based hydrodynamics method, multi-particle collision dynamics (MPC) 56, 57 , the hydrodynamic interaction can be taken into account as demonstrated for a meshless membrane model 8 . Thus, the present coarse-grained molecular model is efficient for large-scale dynamics of a biomembrane with or without hydrodynamic interactions and is applicable to many kinds of phenomena.
